Thermal diffusivity measurements of continuous casting powders for steel have systematically been carried out at high temperature by the laser flash method. The powder samples consist of Si0 2 , AI2O3, MgO, CaO, Na 2 0 and CaF 2 with the addition of Ti0 2 , Zr0 2 , HfO 2 or iron oxide. At higher temperature, the measured values obtained by the laser flash method are known to involve, more or less, the contribution due to radiative component. Therefore, the thermal diffusivities of continuous casting powders for steel were estimated with sufficient reliability by separating such radiative component from measured values after due consideration for the variation of their absorption coefficients. The correction for radiative component is significant in samples including Ti0 2 , Zr0 2 or iron oxide, because these samples show the significant variation in the absorption coefficients.
INTRODUCTION
Heat transfer properties such as the thermal diffusivity of high temperature melts with sufficient reliability are essential in order to design various manufacturing plants. This includes continuous casting powder melts consisting of Si0 2 -Al 2 03-Mg0-Ca0-Na 2 0-CaF 2 for further improving the present continuous casting process for steel /l/. However, thermal diffusivity measurements of high temperature melts are still far from complete in various cases, arising mainly from onset convective heat flow, heat leak to the container and mixed contributions of radiative and conductive heat transfer components. Thus, the available thermal diffusivity data with sufficient reliability at high temperature are limited to only a small number of compositions.
The laser flash method has recently been recognized as one of the most versatile techniques for measuring thermal diffusivity of various materials. Particularly, a three layered cell by the laser flash method on the differential scheme has been successfully developed for determining the thermal diffusivity of high temperature melts /2,3/.
The main purpose of this work is to describe the thermal diffusivity values of continuous casting powders for steel with various compositions systematically determined by applying the differential three layered laser flash method and by precisely separating the radiative component from measured values after due consideration for the variation of the absorption coefficients of powder samples. Figure 1 shows the schematic diagram for the laser flash apparatus including a three layered cell system for measuring the thermal diffusivity of a liquid sample at high temperatures. A platinum crucible containing a small amount of a liquid sample is placed on the alumina pipe. The size of this crucible (corresponding to the third layer) is 0.2 mm thick, 10 mm deep and 19 mm in diameter. Another relatively small platinum crucible of 0.2 mm thickness, 14 mm depth and 14 mm diameter is employed as the first layer and it is centered to the end of an alumina tube by ceramic cement (Aron ceramic-D, Touwa-gousei Chem. Industry, Japan). The alumina tube is connected to a holder on a three axial Laser beam
EXPERIMENTAL PROCEDURES AND THEORETICAL BASIS

Fig. 1:
The schematic diagram of the three layered laser flash apparatus for measuring thermal diffusivity of a liquid sample at high temperature.
movable arm and the upper platinum crucible is located just right above the lower one to make a three layered cell system. The cell system itself was heated in a platinum wounded furnace under the air atmosphere. The inner and outer platinum crucibles were separated several times during the course of the experiments to check that there was no bubble in a liquid sample. The tube was lowered vertically by loosening the holder screw at the desired thickness, and fixed. Then a pulsed ruby laser beam was flashed on the top surface of the inner crucible (the first layer). The temperature response curve was obtained by means of an InSb infra-red detector focused on the back surface of the outer crucible (the third layer) through a gold mirror. Another temperature response curve was measured after changing the thickness of a liquid sample. The variation of the sample thickness can be determined by reading a micrometer scale attached on the holder. In this work, the difference of sample thickness Δτ in two sets of the measurements was fixed to be 0.2 mm, on the basis of the previous results on high temperature melts using the three-layered laser flash method /2,3/.
An easy and reliable data processing method has been developed to estimate the thermal diffusivity of a liquid sample at high temperature using the three layered laser flash method /3/. Only the essential points are given below for convenience of discussion.
The temperature response of a three layered cell at the initial time region of the temperature response curve may be expressed in the following form, analogous to the approach for a two layered cell proposed by James IM. The schematic diagram of the cell assembly employed in this work with differential scheme.
diflusivity of the i-th layer are denoted by l x and α,, respectively. The upper plate is designated as the first layer. Similarly, a liquid sample and the bottom plate are considered as the second and third layers. At the initial time region, the temperature response of the back surface of the third layer can be described as eq.
(1). Then, the following equation may be obtained:
I2 is the thickness of a liquid sample in the first measurement and Δ/ is the relative change of thickness of a liquid sample corresponding to the difference of sample thickness between two measurements produced by lifting up the upper plate (the first layer in the present case). The relation between the sample thickness h and the sample thermal dififusivity <xi is given as a solid line in Fig. 3 . For a given Al, the similar relation between I2 and I2 + Δ/ is also obtained as a dashed line in Fig. 3 . The intersection of these two lines provides the resultant thermal diflusivity value of a liquid sample 0,2 and its thickness I2. More detailed information for this data processing is given in ref. /3/. It may also be noted from the recent results by the finite element method of computer simulation that the heat leak through a side wall of a platinum crucible using the three layered laser flash method is able to reduce less than 5%, when only the values of sample thickness and its variation are carefully selected 151. Table 1 gives the chemical composition of 19 synthetic continuous casting powder samples for steel presently investigated. The measured thermal diflusivity values are shown in Fig. 4 using the results of samples containing T1O2 and iron oxide as an example. Although there are differences in detail, similar results were obtained for all other cases. The results of Fig. 4 indicate a slight positive temperature coefficient of thermal diflusivity of these powder samples in the temperature range presently measured. However, it should be mentioned that the present results are somewhat spread in certain temperatures. Such scattering exceeds the experimental uncertainty and it is attributed to the effect of radiative heat transfer component in a liquid sample. The radiative component should be separated from measured value, although the initial time region of the temperature response curve is known not to be severely affected by the radiative heat transfer /4/. This is particularly true at higher temperatures.
RESULTS AND DISCUSSION
Quantitative discussion of the radiative heat transfer in high temperature substances requires the optical properties such as the absorption coefficient of samples in question. Such information is essential for the semitransparent media, compared with the transparent and opaque cases. Figure 5 gives the absorption coefficients of three samples as a function of wave length together with that of the hemispherical emissive power of blackbody at 1573 Κ /6/. It should be mentioned that the change in CaO/SiC>2 ratio or the addition of ZrC>2 and Hf0 2 to the reference composition appears not to vary significantly the absorption coefficient in the range between 1 χ 10" 6 and 4 χ 10" 6 m" 1 /6/ and the correction by the transparent body approximation is well accepted for these samples with respect to the radiative heat transfer behavior. In other words, the contribution due to radiative component should be explicitly considered only for samples containing Ti0 2 and iron oxide.
In the transparent body approximation, a liquid layer is considered to be transparent to radiative heat transfer where no radiation is absorbed or emitted from a liquid layer, and the radiation from a platinum plate is dominant. Ohta et al. Ill have systematically investigated the effect of radiative component in the transparent body approximation by estimating the apparent thermal difiusivity values for a sample of thermal difiusivity of a 0 = 4 χ 10" 7 m 2 /s using the finite difference method in numerical computation. For convenience, an essential point is given in Fig. 6 indicating that the apparent thermal difiusivity values increase with increasing temperature and sample thickness by the contribution due to radiative component. These results also suggest that the radiative component provides an increase of about 20% in thermal difiusivity for the measurement where the sample thickness of 0.1 mm (for the first measurement) with its variation of 0. 
Measured thermal diffiisivity values should be corrected using these factors with the value of / 2 . When the transparent body approximation is not well accepted as for a sample including iron oxide, the absorption and emission in a liquid layer should be Table 2 shows the mean absorption coefficient K m of samples containing T1O2 and iron oxide determined from the measurements of spectral transmissivity and reflectivity in the wave length region between 4 χ 10" 7 m and 1 χ 10" 5 m/6/.
Recently Ohta et al. /II/ made a numerical estimation regarding the contribution of radiative component at high temperature measurements using the three layered laser flash method; they considered the variation of the optical properties of samples and provided information about the apparent thermal diffusivity values theoretically calculated for three cases of the transparent body approximation, the gray body approximation and the band approximation. It may be noted that the wave length dependence of the absorption coefficient, as exemplified by the results of Fig. 5 , is explicitly included in the band approximation, although this requires lengthy numerical computation. The theoretical details are given in the Appendix for further convenience. The most important and significant aspects of their results are summarized in Table 3 , providing the variation of the apparent thermal diffusivity values when using three different approximations for estimating the radiative contribution. The contribution due to radiative component could be estimated by the transparent body approximation with an experimental uncertainty of less than 4% for samples considered transparent. On the other hand, the contribution due to radiative component should be estimated, at least, by the gray body approximation using the mean absorption coefficient for samples recognized as semi-transparent if we want to hold the experimental uncertainty down to less than 4%.
With these facts in mind, the contribution due to radiative component was quantitatively separated from measured thermal diffusivity values of 19 continuous casting powders for steel in this work by applying the 
CONCLUDING REMARKS
Thermal diffusivity measurements of continuous casting powders for steel with various compositions have systematically been made at high temperature by the three layered laser flash method. A reference sample consists of 35.6% Si0 2 , 19.9 CaO, 17.1% CaF 2l 7.7% 10.1% Na 2 0, 9.3% MgO and A1 2 0 3 (in mass %) and a certain amount of Ti0 2> Zr0 2 , Hf0 2 or iron oxide is added. The thermal diffusivity values were estimated with sufficient reliability by separating the radiative component from measured values after due consideration for the variation of the absorption coefficients of respective samples. The thermal diffusivity values of continuous casting powders for The η is the refractive index of the liquid. The e^x is spectral emissive power of blackbody and denoted as follows:
_ 2tc'h 1 6 where c,h,k,T are speed of light in vacuum, Planck's constant, Boltzmann constant and absolute temperature, respectively. The radiation energy emitted from surface cLl of emissivity ε to the medium of refractive index η to the direction ψ in the da is dq\ -ε-cos tb dw dA.
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The ψ is measured from the direction normal to the surface. The dm is the solid angle.
The energy balance equation for control volume method is where xj, kc and F(x\) is representative temperature in volume V;, absolute temperature, thermal conductivity and the net radiative energy flows into unit volume par unit time, respectively. The temperature after At is derived from the heat capacity of V\ and Q\.
For transparent liquid phase, considering heat equilibrium before laser pulse heating and Taylor expansion, F is T 0 is equilibrium temperature before laser pulse heating. The θ(0) and θ(/ 2 ) are the temperature rises of upper and lower metallic layer from T 0 , respectively. The F is denoted as F = 4εσ7' 0 3 θ on outer surface of platinum plate to vacuum.
High Temperature Materials and Processes
For the gray body approximation, F in liquid phase 
